Positive Displacement Motor (PDM) is one of the most commonly used deep hole power drills. The thrust ball bearing unit is one of the vulnerable parts of the PDM. Failure of the thrust bearing greatly affects the PDM and can drastically reduce its drilling efficiency. In order to improve its service life, we have designed a new deep cavity tapered roller thrust bearing. In this analysis, we will evaluate the new product. In the past, results have shown that there is a serious stress concentration at both ends of the roller. The new deep cavity design will result in the improvement of the stress factor of tapered rollers. If the cavity depth and diameter are too small, the stress concentration at both ends of the roller becomes serious. If they are too large, the stress on the middle part of the roller is also too high. Deformation of the roller increases with an increase in the deep cavity's length and depth. Consequently, the deep cavity design can improve the PDM.
Introduction
The screw drill is one of deep hole drill motors and the thickness of the mud will actually determine how powerful the drill will be. As one of the most widely used drill motors, the PDM has a vital role in gas exploitation, geological exploration, architectural construction, national defense engineering and other drilling operations. The PDM is a kind of deep hole drill motor that can help improve the drilling rate, lower the pressure across the bit, and reduce wear and tear on the casing and the drilling tool. It also increases the penetration rate, accurately achieves deflection and angle drop and corrects the direction. Also, the PDM works as one unit consisting of many internal components.
As shown in Fig.1 , a PDM consists of a bypass valve assembly, thread off prevention assembly, motor assembly, universal assembly and transmission shaft assembly. The transmission shaft assembly is the weakest section of all the parts and can easily break in some instances. Spindle fracture due to wear, connection thread erosion and breakage, bearing part damage and shell cracking can all lead to damage. The transmission shaft assembly contains a spindle shell, a transmission shaft, a thrust bearing group, a journal bearing and other auxiliary parts. In many cases, four-point contact ball bearings are used in the PDM. The inner ring and the outer ring of the thrust ball bearings are fixed on the transmission shaft and the shell. The thrust ball bearing generates a minor diameter, high rotation speed and large load, which is different from the common design. The compact design makes it applicable to many drill sites. This is why the thrust ball bearing has been frequently used in the downhole drill motor. The screw drill assembly is considered as the weakest link in the transmission shaft. Although the thrust ball bearings are parts of the transmission shaft assembly, they would be the least damaged of all the screw drill parts. Namely, the screw drill is surrounded by a hostile environment. Also, the bearing supports heavy load and a wide range of alternating load. As a result, the ball and the ball track will be worn, even fractured (as shown in Fig. 2 ). Zhao investigated the method of designing a thrust ball bearing unit and found that the screw drill and the turbodrill worked well with the thrust ball bearing. Wang presented some improvements which increase the life of the transmission shaft and designed a kind of tapered roller bearing by analyzing the transmission shaft failure of the screw drill. Feng discussed the design of a common turbo-drill, thrust bearing group, stabilizing bearing group and other elements. Xu and Hua studied the equilibrating load mechanism of the four-point contact ball bearing of the turbo drill. They compared the design features and load distribution between Design and Mechanics Analysis of the Deep Cavity J. Zhang, Y Liu, H. Zhang Tapered Roller Thrust Bearing Used in a Positive Displacement Motor the four-point contact ball bearing and the thrust radial ball bearing and revealed that the arc race ball bearings take the load well. Xie researched the material and technology of the turbodrill with a thrust bearing, and discussed the technology and the tribological properties of different bearing materials. The research provided a reference on how to select a material for thrust bearings. Zupan and Amasorrain set up a static model of the nonlinear function considering separately three and five independent variables. Zupan studied the four-point contact ball bearing under different actual contact angles considering the load capacity. Particularly, the actual contact angle is an equation of clearance, nominal contact angle, marginal adaptation and support of structure stiffness. He discussed and analyzed the deformation coordination of the geometrical structure of the ball bearing, and the variation distribution problem was related to the actual contact angle. Simultaneously, Zupan studied the rules of influence of the bearing support structure stiffness on the mechanical property of the bearing. Robert Kunc presented a digital design method and a numerical calculation model for the load capacity of the four-point contact ball bearing. From the model, the researcher achieved the elastic stress, the plastic stress and the real load capacity.
The bearing capacity of cylindrical and tapered roller bearings is larger than that of ball bearings. Ball bearings are prone to failure due to the stress concentration. In order to overcome this phenomenon, Zhang designed a deep cavity bearing to reduce stress concentration on the dens of the roller. Reusner and Fujiwara studied the logarithmic roller profile of cylindrical and taper roller bearings. We will demonstrate here a new design of a deep cavity tapered roller thrust bearing based on the preliminary research. Such a design can reduce the probability of the PDM breakdown.
Tapered roller bearing
In order to improve the service life of a PDM, it is necessary to improve the design of the four-point contact ball bearing attached to the transmission shaft assembly. Based on the traditional tapered roller thrust bearing and the transmission shaft, a new type of tapered roller thrust bearings was designed. It can be designed to reduce the stress on the rolling element and extend the service life. 
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Tapered Roller Thrust Bearing Used in a Positive Displacement Motor at a point, which enables the tapered roller to make the pure rolling motion. The tapered roller replaces the ball. Then the point contact is changed to the line contact, which can enlarge the contact area between the rolling elements and the rollaway nest. This reduces the contact stress and improves the load capacity.
Materials and methods
Numerical simulation is an effective method for solving complex contact problems. The intuitive software called ADINA is used to solve bearing contact mechanical issues. Due to the structure of the tapered roller thrust bearing, the design of a single tapered roller is symmetrical too. As a result, a half model of the single tapered roller is established as shown in Fig. 4 . In the element model, the bottom bearing plate is the inner ring of the thrust bearing, and the upper bearing plate is the outer ring. The constraints are applied to the underside of the inner ring. An exception is the direction of the transmission shaft. To simulate the load in the axial direction, the uniform load of 9.474 MPa is applied to the outer ring.
A hexahedral element is used for meshing the rollers' upper and bottom plates. This will improve the computational accuracy. It is also necessary to refine the mesh at the contact area. Two contact pairs are included in this model. First, one must set up a contact pair for the outer surface of the tapered roller with respect to the upper surface of the inner ring and the bottom surface of the outer ring. Explicit dynamics is used for the contact analysis. Penalty function is used for the contact algorithm. Simultaneously, the friction coefficient is 0.2 between the tapered roller and the inner and the outer ring. Also, the elasticity modulus of the bearing material is 210 GPa, the Poisson ratio is 0.3, and the density is 7800 kg/m 3 . 
Simulation results
Fig . 5 shows the contact stress and the equivalent stress of the thrust bearing. The contact width of the stress distribution gradually increases from the small end to the large end of the tapered roller. The highest contact stress appears at the large end of the roller. The larger equivalent stress occurs merely at the contact area of the tapered roller, while the stress on the other parts is low. An equal stress also appears at the contact area of the inner and outer rings that are in contact with the tapered roller.
In the stress analysis of the tapered roller, the stress distribution curves along the axial direction are shown in Fig. 5 . The stress exerted on both ends of the tapered roller is higher than that exerted on the middle section. There is a serious stress concentration phenomenon. Particularly, the equivalent stresses exerted on both ends are higher than the contact stress. The stress distribution in the middle part of the tapered roller is uniform. However, the value increases gradually from the small end to the large end of the tapered roller. 
Design of the deep cavity tapered roller bearing
The stress concentration phenomenon is called "edge effect". It occurs at both ends of the tapered roller. The edge effect can result in fatigue failure at both ends of the tapered rollers. To solve and eliminate this, only one kind of deep cavity tapered roller bearings is applicable. The contact stiffness of both ends of the tapered roller of this design is lower than that of the middle part. When the tapered roller is in contact with the inner ring and the outer ring, it will relieve the stress concentration phenomenon because of the deformation at both ends.
As shown in Fig. 6 , the deep cavity tapered roller is designated for this position. Both sides of the tapered roller are processed into the deep cavity structure. The depth of the deep cavity is h and the radius of the deep cavity is r. This deep cavity tapered roller can reduce and even eliminate the stress concentration phenomenon and enhance the load bearing capacity of the roller. At the same time, the load bearing strength and fatigue life will improve effectively. The deep cavity radius of the large end of the tapered roller is 6mm. The diameter of the small end is 4mm. Fig. 7 shows an equivalent stress distribution of the deep cavity tapered roller with different deep cavity depths. When the depth is 1mm, the maximum equivalent stress of the roller appears at the large end. When the deep cavity depth is greater than 1mm, the maximum equivalent stress of the roller appears in the middle part, while the stress values are lower at both ends. This indicates that the deep cavity design has reduced the stress concentration phenomenon in the tapered roller. Fig. 8 shows equivalent stress curves of the tapered roller with different deep cavity depths. The stress concentration appears on the solid roller and the deep cavity roller with a depth of 1mm. The equivalent stress at the ends when the deep cavity depth is 1mm is less than that of the solid roller. However, the stress exerted on the middle part of the deep cavity roller is higher than that exerted on the solid roller, which shows that the deep cavity design can reduce the stress at both ends effectively. When the deep cavity depth increases, the equivalent stress at both ends of the tapered roller decreases while the stress on the middle part increases. Consequently, it is not unreasonable to increase the deep cavity depth unlimitedly. The results demonstrate that the appropriate depth is 1mm to 2mm. The tapered roller suffers a serious stress concentration when the smaller depth is too small. When the cavity depth is too large, the stress concentration appears in the middle part of the bearing. Fig. 9 shows the contact stress distribution in the deep cavity tapered roller. The contact stress distribution in the middle part of the deep cavity tapered roller is larger than at its ends. The deep cavity improves the edge effect in the solid tapered roller. As the cavity depth increases, the contact stresses at both ends decrease and the contact stress in the middle part of the tapered roller increases gradually. Fig. 9 Contact stress on the roller with different cavity depths Fig. 10 shows the contact stress curves of the tapered roller with different cavity depths. The contact stress at both ends of the solid roller is high while that in the middle part of the roller is equally distributed. The contact stress at both ends of the deep cavity roller is low while that in the middle part is high. As the cavity depth increases, the contact stresses at both ends of the tapered roller reduce gradually while the stress in the middle part increases. The contact stress of the deep cavity roller is higher than that of the solid roller, which indicates that the deep cavity design can improve the contact stress distribution and enlarge the contact stress in the middle part. Consequently, the contact stress distribution does not improve as the depths become larger. The deformation along the axial direction of the deep cavity tapered roller is shown in Fig. 11 . It is evident that the tapered rollers with different cavity depths follow a similar displacement distribution rule. The displacements of both ends are greater than those of the middle part. As the depth of the deep cavity increases, the displacement of the large end increases gradually. In such a circumstance, due to the increase in the cavity depth, the contact stiffness at both ends is lower. As a result, both ends of the roller tend to be deformed. The deformation of the large end is greater than that of the smaller end. The deformation of both ends is greater than that of the middle part. As the depth increases, the deformation of the roller increases and the edge effect becomes more apparent. The total deformation of the roller increases irregularly. The premature failure will occur at both ends if the deformation of the tapered roller is uneven. In conclusion, it is vital to control the cavity depth to prevent excessive deformation. Table 1 shows the results for all parts for the tapered roller thrust bearing with different cavity depths. Equivalent stresses of the inner and the outer ring increase with an increase in the cavity depth. The equivalent stress of the tapered roller first decreases and then increases while the cavity depth increases. The equivalent stress of the tapered roller reaches its minimum value when the cavity depth is 2mm. As the cavity depth increases, the contact stress of the tapered roller becomes increasingly magnified. When the cavity depth is greater than 3mm, the contact stress of the deep cavity tapered roller is greater than that of the solid roller. As a result, the deformation of the roller increases with an increase in the cavity depth.
Deep cavity diameter
When the cavity depth of the roller is 3mm, the equivalent stress of the tapered roller with different deep cavity diameters is as shown in Fig. 12. In Fig. 12, r 1 is the radius of the small end of the deep cavity and r 2 is the radius of the large end. For example, r 1 = 1mm and r 2 = 1.5mm, r 1 = 2mm and r 2 = 3mm, r 1 = 3mm and r 2 = 4.5mm, r 1 = 4mm and r 2 = 6mm, r 1 = 5mm and r 2 = 7.5mm. Fig. 12 shows that the first three types of rollers have the maximum equivalent stress at the large end. On the other hand, the maximum equivalent stress appears in the middle part of the last two rollers, and the smaller equivalent stress Design and Mechanics Analysis of the Deep Cavity J. Zhang, Y Liu, H. Zhang Tapered Roller Thrust Bearing Used in a Positive Displacement Motor appears at the both ends. It is apparent that the larger the cavity diameter is, the smaller the stress at both ends becomes. The whole roller has a uniform stress distribution. Fig. 12 Equivalent stress of the roller with different deep cavity radii Fig. 13 shows equivalent stress curves of the roller with different deep cavity radii. When r 1 ranges from 0 to 3mm, the tapered rollers have a similar equivalent stress distribution and the stress concentration at both ends will be unapparent when the cavity radius increases. When r 1 changes from 4mm to 5mm, the equivalent stress exerted on the tapered rollers presents a "W"-shaped figure. When the cavity diameter increases, the stress at both ends decreases, but the stress in middle part increases. Furthermore, if the roller has a larger deep cavity diameter, the middle part will have a higher equivalent stress. In conclusion, it is appropriate that the roller with a diameter of 3~4mm is used. Fig. 14 shows the contact stress of the tapered roller with different cavity radii. When r 1 = 1mm and r 2 = 2mm, the maximum contact stress of the tapered roller appears at the large end. The contact stress increases gradually from the small end to the large end. When r 1 is greater than 3mm, the maximum contact stress at the tapered roller exists in the middle part. However, both ends have a lower stress. In other words, the contact stress at both ends will be lower when the deep cavity radius increases. Fig. 15 shows the contact stress curves of the roller with different cavity radii. When the cavity radius is less than 2mm, there is a small chance for the contact stress distribution in the tapered roller. When the deep cavity radius is greater than 2mm, the contact stress at both ends decreases, while that of the middle part increases gradually. The larger the deep cavity roller radius is, the smaller the contact stress at both ends is. If r 1 exceeds 5mm, the contact stresses at both ends will be less than 50 MPa, and the middle part will maintain a value above 300 MPa. The edge effect on both ends decreases and can affect the strength of the roller no matter whether the contact stress at both ends is low or high. Therefore, in order to reduce the stress changes at both ends, the contact stress along the general direction should be equal. Fig. 16 shows the displacement contour and deformation curves of the deep cavity tapered roller. Different rollers have a similar distribution rule. Deformation of both ends is larger than that of other parts. The larger the deep cavity roller radius is, the larger the displacement at both ends will be. As the deep cavity radius increases, the deformation of the roller is larger. The edge effect will be obvious when the deformation at both ends increases. From the roller, the deformation of the large end of the deep cavity tapered roller is greater than that of the small end. So, the larger the deep cavity diameter, the more non-uniform the deformation of the roller is. The calculated results of the tapered roller thrust bearing with different deep cavity radius units are shown in Table 2 . As the tapered roller's deep cavity radius increases, the equivalent stresses on the inner and outer rings first decrease and then increase. When r 1 is 3mm, the equivalent stresses of the inner and outer rings approach the minimum value. The equivalent stress and the contact stress of the tapered roller will first decrease and then increase as the deep cavity radius increases gradually. When r 1 is 2mm, the equivalent stress of the roller approaches the minimum value, but the deformation of the tapered roller will be larger as the deep cavity radius increases gradually. When r 1 is 5mm, the maximum deformation of the tapered roller increases by 69.8%. 
Conclusion
As shown, the thrust ball bearing group is one of the weakest parts of the positive displacement motor. In order to overcome the failure problem of four-point contact ball bearings, a new tapered roller thrust bearing is designed. At both ends of the tapered roller the stress concentration called "edge effect" occurs, which affects the bearing strength and service life of the roller greatly. The stress distribution in the middle part of the roller is more uniform. The deep cavity tapered roller thrust bearing was designed as a deep cavity structure that can effectively improve the stress concentration of tapered rollers. The stress concentration at both ends of the roller is still a serious concern when the cavity depth and diameter are too small. If the cavity depth and diameter are too large, the stress exerted on the middle part of the roller is high. The deformation of the roller increases with an increase in the length and depth of the deep cavity. The research results can provide a scientific basis for an optimal design and manufacture of tapered rollers. 
